The authors used spectroscopic ellipsometry to determine the dielectric function and the refractive index of LaAlO 3 as a function of photon energy from 0.8 to 6 eV between 77 and 700 K. The ellipsometric angles were acquired over a broad range of incidence angles with a computercontrolled Berek waveplate compensator and with zone-averaging of the adjustable polarizer. The data were corrected for surface effects, such as surface roughness or adsorbed overlayers. The authors report Tauc-Lorentz model parameters for LaAlO 3 at 300 K. After annealing in UHV for 20 h, the surface layer thickness decreased from 15 Å to less than 1 Å . They speculate that the anneal causes surface modifications, such as the evaporation of adsorbed molecular layers (hydrocarbons or water) or surface vacancies, and that surface diffusion leads to a reduction of surface roughness. They have also measured the temperature-dependence of the refractive index at 1.96 eV between 77 and 700 K and given a theoretical explanation of its origin.
I. INTRODUCTION
Lanthanum aluminate (LaAlO 3 or LAO) is a polar perovskite oxide that is used widely as a substrate material for oxide epitaxy. 1 It can be viewed as an alternating stack of positively charged LaO and negatively charged AlO 2 planes. It has created much attention because a twodimensional electron gas can be formed in LaAlO 3 /SrTiO 3 heterostructures. 2 Despite the high level of interest in LAO, our knowledge of its optical properties is limited. [3] [4] [5] [6] [7] [8] Gibbons and Trolier-McKinstry 3 used spectroscopic ellipsometry (with a compensator for increased accuracy) from 250 to 750 nm at a fixed angle of incidence to determine the real part of the dielectric function of LAO as a function of wavelength k. They also modeled their data with a Sellmeier oscillator
and determined the Sellmeier parameters A ¼ 3.08 6 0.01 and k 0 ¼ 125.5 6 2.2 nm. Lim et al. 4 performed transmission measurements on an LAO substrate and found the onset of weak absorption at 5.5 eV. They also measured the dielectric function from 5 to 9 eV using a vacuum-ultraviolet (VUV) rotating-analyzer spectroscopic ellipsometer (without compensator) and found two strong peaks in e 2 between 7 and 8 eV. They presented a model of the band structure where the valence band is made up of oxygen 2p states and the conduction band is formed by the antibonding 5d and 6s states of lanthanum. The weaker absorption from 5.5 to 7 eV is caused by interband transitions from the O (2p) to La (5d) states. The stronger absorption above 7 eV arises from transitions from O (2p) to La (6s) or, possibly, 9 to antibonding Al (sp) states. Ab initio calculations of the dielectric function (without considering corrections to the local density functional band structure or many-body effects) show a more complex conduction band structure that also includes transitions to the La (4f) conduction band. 10, 11 Finally, Cicerella et al. 5 investigated a 300 nm thick film of amorphous LAO on Si using VUV ellipsometry. They found the onset of absorption at 6.3 eV (consistent with transmission measurements by Motorola 6 ) and reported the absorption coefficient up to 9 eV but not the refractive index (or 1 ) for their films. Edon et al. show that sputtered LaAlO 3 films on Si have a somewhat lower 1 than bulk samples, which drops even lower after annealing in oxygen. 7 
II. EXPERIMENT AND MODELS
A single-side polished, 2-in. LaAlO 3 wafer with 0.5 mm thickness and (100) surface orientation was obtained commercially. 12 The manufacturer specified a surface roughness below 8 Å . LaAlO 3 is a distorted perovskite with rhombohedral (R 3c) crystal structure, 13 but the deviations from the cubic structure are small. 1 Our substrate is twinned and the surface orientation refers to the pseudo-cubic structure. Our wafer was colorless and smooth as-received, perhaps with a very slight tan color. After annealing at 700 K in UHV for several hours, the samples darkened slightly and formed macroscopic surface streaks. It has been reported 13 that LAO turns brown after annealing at 710 K for 5 min. The color is associated with oxygen vacancies 13 or color centers. At 813 K, LAO becomes cubic with Pm 3m crystal structure. 13 We do not know if our as-received polished surface is LaO or AlO 2 -terminated. a) Electronic mail:zollner@nmsu.edu
We acquired the ellipsometric angles w and D on a vertical variable-angle-of-incidence rotating-analyzer ellipsometer with a computer-controlled Berek waveplate compensator. 14 We usually chose incidence angles between 60 and 80
. The detector and optics are suitable for measurements from 0.5 to 6.6 eV, but the choice of the optical fiber between the monochromator and the polarizer-sample-analyzer assembly limits spectra to the IR range (0.5-4.5 eV) or the UV range (0.76-6.6 eV). The low refractive index of LaAlO 3 reduces the intensity of the reflected beam and thus limits the spectral range in the UV portion of the spectrum under certain conditions. To reduce experimental errors, especially in the presence of windows, all data were obtained by averaging two-zone measurements with equal and opposite polarizer angles.
The ellipsometric angles (w and D) and the Fresnel reflectance ratio q ¼ e iD tan w are related to the pseudo-refractive indexn and the pseudo-dielectric function ¼n 2 of the sample through 15, 16 
where / 0 is the angle of incidence and / 1 the angle of refraction. For an ideal sample without surface overlayers,n and are equal to the refractive index n and the dielectric function ¼ n 2 . D equals zero or p for an ideal transparent substrate, because all quantities in Eq. (2) are real.
In practice, surface effects including surface roughness, adsorbed molecular films, surface modifications (such as oxygen vacancies at the surface to avoid the polar catastrophe 1 caused by the polar character of LAO), or native oxides (in the case of semiconductors or metals) can cause a pseudoabsorption (with arbitrary values of D), even for a transparent overlayer on a transparent substrate. 17 The influence of surface roughness on the ellipsometry spectra is normally described using the Bruggeman effective medium approximation, assuming a surface layer consisting of 50% bulk and 50% voids. 15 Since ellipsometry is unable to distinguish between the various types of surface effects, we describe all surface effects as surface roughness and ignore other effects. This is reasonably accurate, as long as surface layers are thin and have a refractive index lower than that of the bulk.
We not only acquired data in air, but also mounted the sample in a UHV cryostat 18 that allowed cooling of the sample to 77 K using liquid nitrogen and resistive heating of the sample to 700 K. A base pressure below 10 À8 Torr could be achieved with the sample at 300 K after several days of pumping. The entrance and exit fused-silica windows of the cryostat are additional optical (polarizing) elements in the beam path. 19 The ellipsometric angles w W and D w of these windows were carefully calibrated as a function of photon energy using an oxidized silicon reference sample at a 70 angle of incidence. Since the angle between the optical beam and the window surfaces is small ($ 3 ), D w is a much more significant correction than w W . All our spectra taken in the cryostat were corrected for window artifacts by the manufacturer's data acquisition software. 20 The temperature was measured using an extended type-E thermocouple located a few inches from the sample in the copper cryogen reservoir near the resistive heating element. The sample was clamped to the copper coldfinger using spring-loaded screws or with a UHV-compatible silver nanoparticle adhesive. The coldfinger is connected to the copper reservoir with screws and a thin metal gasket. We confirmed proper performance of the cooling and heating functions of the cryostat by determining the E 1 and E 1 þ D 1 critical-point parameters of Ge as a function of temperature, resulting in parameters similar to those of Viña et al. 21, 22 The complex dielectric function for a material can often be described by a simple oscillator model, such as the Sellmeier equation (1) . We note that the Sellmeier equation predicts only dispersion and not absorption. This is not Kramers-Kronig consistent but is a workable approximation for materials well below the onset of absorption. For our work, we prefer a Tauc-Lorentz oscillator, where the imaginary part of as a function of photon energy E is given by 16, 23, 24 2 ðEÞ ¼
for E > E g and vanishes below E g . The real part is obtained by Kramers-Kronig transform. This model works well for amorphous materials and can be a good approximation for crystalline materials, if the absorption can be described by a single broad peak. The model contains the following parameters: E g is the Tauc gap, the onset of absorption. Based on the value of the band gap established in Ref. 4 , we fix E g ¼ 5.6 eV. The remaining three parameters were fitted to our data: the Lorentz oscillator resonance energy E 0 , its amplitude A, and its broadening C. Additionally, we use a pole
at energy E 1 ¼ 0.01 eV with magnitude A 1 ¼ 0.018 eV 2 (determined by fitting) to describe the infrared lattice absorption. (A pole is a Lorentz oscillator with zero broadening. 15 )
III. RESULTS: MEASUREMENTS AT 300 K
First, we measured the ellipsometric angles of one quarter of our wafer as received, without any cleaning, at four angles of incidence (60 , 65 , 70 , 75 ). An excellent fit (where the mean square deviation between data and model is smaller than the measurement errors) could be achieved with a roughness layer thickness of 21 Å and the Tauc-Lorentz parameters given in Table I . Next, we degreased the wafer through ultrasonic cleaning in acetone, followed by a methanol rinse and drying in nitrogen. This decreased the surface roughness to 18 Å , see Table I . Degreasing a different quarter of the same wafer on slightly different equipment resulted in a surface roughness thickness of 15 Å . The depolarization of the reflected light in our measurements is less than 0.01% at / 0 ¼ 65 and becomes slightly negative ($À0.3%) at / 0 ¼ 80 indicating small systematic errors.
The ellipsometric angles for the degreased wafer are shown in Fig. 1 at several angles of incidence. Because of the low refractive index of LaAlO 3 (n $ 2.06 at 2 eV, which corresponds to a pseudo-Brewster angle of 64 ), w is usually very small except for angles of incidence greater than 70 . Larger incidence angles thus increase the accuracy of the refractive index measurement. D is near 0 for large incidence angles and near p for smaller angles, requiring the use of a compensator to achieve accurate results. Deviations from 0 or p are related to the surface roughness thickness. 17 Where the incidence angle equals the pseudo-Brewster angle ðtan/ B ¼nÞ; D crosses from 0 to p. Since the refractive index of LaAlO 3 increases with increasing photon energy (positive dispersion), the cross-over shifts to higher energies with increasing incidence angles. The width of this crossover is determined by the surface roughness. At / 0 ¼ 70 , w decreases from 10 to 3 and D increases from 1 to 45 as the photon energy increases from 0.76 to 6.6 eV. At the wavelength of the HeNe laser (E ¼
After turning on the vacuum pumps and pumping down to 10 À5 Torr, the measurement was repeated and the ellipsometric angles did not change (not shown). Next, we heated the sample at 700 K in UHV for 1 h and allowed the sample to cool down overnight. Again, the ellipsometric angles did not change (not shown). Finally, we heated the sample at 700 K for 20 h in UHV and allowed it to cool down overnight. Again, there is little change in D but a very significant drop of D below the band gap. At 1.96 eV, D has dropped to 0. 4 , consistent with 3 Å roughness thickness, much lower than the roughness specified by the manufacturer. (8 Å rms roughness measured by atomic force microscopy should result in an ellipsometric roughness layer thickness of 15-20 Å .) A Tauc-Lorentz model with roughness does not yield a satisfactory description of the ellipsometric angles inside the cryostat (before or after cooling). Such low values of D are unexpected. Therefore, the experiment was repeated with a different quarter cleaved from the same LaAlO 3 wafer. For the second sample, the value of D found at 1.96 eV was even lower (0.1 ), corresponding to a roughness layer thickness of 0.5 Å . The depolarization of the reflected light did not angle of incidence in air (), in cryostat at atmospheric pressure in air (᭜), at 10 À8 Torr after UHV anneal at 700 K for 20 h (᭢). Lines: TaucLorentz fit to the data in air, see Table I. increase when mounting the wafer in the cryostat or annealing the sample.
After annealing the LaAlO 3 sample in UHV and several measurements, the sample was removed from the cryostat and measured again in air. The surface layer thickness for this sample had increased quite significantly, to 32 Å , as shown in Table I .
IV. DISCUSSION OF 300 K RESULTS
We summarize our results as follows: The ellipsometry spectra of LaAlO 3 from 0.76 to 6 eV are described very well with a Tauc-Lorentz layer for the substrate with a thin surface roughness layer, see Table I . Between 250 and 750 nm (1.65-5 eV), our results are in good agreement with the Sellmeier parameters found in Ref. 3 , but the dispersion becomes stronger at higher photon energies closer to and above the band gap, see Fig. 3 .
Below the band gap, the values of D are much lower inside the cryostat (at atmospheric pressure in air, under UHV conditions, or after a UHV anneal) than for measurements in air outside the cryostat. Above the band gap (5.5 eV), the values of D are about the same for all our measurements. This result cannot be explained by window effects, which increase linearly with photon energy. We also find that the reduction in D persists with small changes of the incident angle (between 68
and 72 ), which should modulate the systematic errors due to windows.
The decrease in D below the band gap (at a constant refractive index) must be associated with a reduction of the surface layer thickness. We offer the following possible explanations: (1) Adsorbed molecular surface films (water or hydrocarbons) evaporate in UHV, especially after annealing at 700 K. (2) After adsorbed surface layers are removed, the LAO surface is modified, for example, by formation of lanthanum or oxygen vacancies, to avoid the polar catastrophe. 1, 25, 26 ( 3) The formation of surface vacancies is associated with significant atomic displacements. 1, 26 We speculate that there is significant surface diffusion under a UHV anneal at 700 K. Therefore, the polishing-induced roughness of the as-received surface (with small correlation lengths) is replaced by larger, flat terraces and macroscopic streaks. In the ellipsometry spectra, this surface change is seen as a decreased surface layer thickness. These proposed explanations could be confirmed by scanning probe microscopy under UHV conditions before and after annealing.
As mentioned, a Tauc-Lorentz oscillator model for LaAlO 3 with surface overlayer effects does not give a satisfactory description of the ellipsometry spectra. This can also be seen in Fig. 3 : The absorption vanishes (or is close to zero) below 3 eV, indicating a very small surface layer thickness below 1 Å . On the other hand, 2 is significant between 4 eV and the bulk bandgap of 5.5 eV. We speculate that the surface modifications associated with the desorption of surface overlayers cause electronic surface states, which are the reason for the absorption below the band gap.
V. TEMPERATURE-DEPENDENT MEASUREMENTS (80-700 K)
We also cooled the LaAlO 3 sample to 77 K by filling the cryostat with liquid nitrogen. The comparison between the data taken just before the cooldown (at 300 K) and just after the cooldown (at 77 K) is shown by the pseudodielectric functions in Fig. 4 . There is no measurable difference in. We conclude that the temperature dependence of for LaAlO 3 between 77 and 300 K is very small. The measurement at 77 K was repeated after keeping the sample cold for several hours. This third measurement (blue) shows a slight increase in 2 , indicating growth of a surface layer caused by the condensation of residual gas in the cryostat on the cold sample surface. Keeping the sample cold even longer grew a thicker surface layer, as indicated by an additional measurement at 77 K a few hours later (not shown). (Similar measurements of the temperature-dependence of the LaAlO 3 dielectric function were performed by Stewart et al., 27 but we do not believe that these results have been published.) From our spectroscopic scans shown in Fig. 4 , we find 1 ¼ 4:2560:01 ðor n ¼ 2:0660:01Þ at 1.96 eV independent of temperature, which limits jdn=dTj < 4 Â 10 À5 K À1 . Since the (relative) precision of ellipsometry measurements is greater than the (absolute) accuracy, we also present measurements of the pseudodielectric function at a fixed photon energy of 1.96 eV, taken between 80 K and 700 K with a ramp rate of 1 K/min, see Fig. 5 . Over the entire temperature range, is essentially zero within our measurement errors. The real part 1 initially decreases from 4.246 at 80 K to 4.242 at 250 K. At higher temperatures, there is an almost linear increase of 1 between 250 and 700 K. The slope of this graph yields d=dT ¼ 2 Â 10 À5 =K or dn=dT ¼ 5 Â 10 À6 =K: A simple theory for the high-frequency dielectric constant 1 (far above the energy of lattice absorption, but well below the onset of electronic absorption), similar to the long-wavelength limit of the pole in Eq. (4), states that
where E Penn is the average separation of the conduction and valence bands, also known as the Penn gap, and E p the plasma energy of the valence electrons given by
where 2p h is Planck's constant, N the density of valence electrons per unit volume, e the electronic charge, m the effective electron mass, and 0 the permeability of vacuum. A photon energy of 1.96 eV satisfies the requirements of being between the vibrational and electronic absorption regimes and this equation should apply. The Penn gap is often similar to the E 2 gap in many semiconductors. 28 Based on the VUV ellipsometry results in Ref. 4 and our Tauc-Lorentz models (see Table I ), we speculate that E Penn $ 8 eV. The temperature dependence of 1 therefore has two components: (1) The thermal expansion of the crystal, which decreases N and therefore is negative. (2) The temperature dependence of the Penn gap, which should be positive if the Penn gap decreases with increasing temperature.
It follows from Eq. (5) that the temperature dependence of 1 due to thermal expansion is given by
where b is the volume expansion coefficient. This contribution is negative. Using a value of b ¼ 3 Â 10
À5
/K for LAO (Ref. 13 ) between 250 and 700 K, we find the thermal expansion contribution to the temperature dependence of 1 to be À10 À4 /K. This term is five times larger than the experimentally observed value (2 Â 10 À5 /K) and it has the wrong sign. We, therefore, conclude that the temperature dependence of the Penn gap is the dominant term leading to the increase of 1 between 250 and 700 K. From Eq. (5), it follows that
A negative dE Penn /dT produces an increase of 1 with temperature. Let us assume that the Penn gap decreases with temperature at a rate of À2.5 Â 10 À4 eV/K, similar to the E 2 gap of Si. 29 This yields d 1 =dT ¼ 2 Â 10 À4 =K: Our theoretical analysis of the temperature dependence of 1 between 250 and 700 K therefore finds that there are two contributions (from the Penn gap and the thermal expansion of the crystal), which are of the same order of magnitude (10 À4 /K), but opposite in sign. These two contributions cancel mostly, resulting in a measured value of d 1 /dT, which is an order of magnitude smaller than each of the two individual contributions.
In the low-temperature regime between 80 and 250 K, both the thermal expansion coefficient and the temperature dependence of the Penn gap are much smaller than at higher temperatures. 13, 29 Both follow a Varshni-type relationship, 30 where a quadratic dependence on temperature dominates at low temperatures. Based on our result that d 1 /dT is negative below room temperature, we conclude that the thermal expansion term dominates in this regime. The temperature dependence of n was also investigated in the Terahertz regime by Zou et al. 31 They found that dn/dT is small (not specified) and related to oxygen vacancies and lattice vibrations. In contrast, dn/dT in the visible range reported in this work is related to electronic excitations, see Eq. (5).
VI. CONCLUSIONS
We used spectroscopic ellipsometry to investigate the optical properties (complex dielectric function and refractive index) of bulk LaAlO 3 . We report Tauc-Lorentz parameters that can be used for a parametric description of the dielectric function of LaAlO 3 in air. We also found that the thickness of the LaAlO 3 surface layer (adsorbed molecular layers or surface roughness) decreases significantly after annealing in UHV at 700 K for many hours. We speculate that the UHV anneal desorbs molecular atmospheric contamination and reduces the surface roughness by surface diffusion and formation of very large terraces. The temperature-dependence of the high-frequency dielectric constant is small but can be understood in terms of thermal expansion and the decrease of the Penn gap with increasing temperature. Both terms are similar in magnitude but have opposite signs. The thermal expansion contribution dominates below room temperature, while the temperature dependence of the Penn gap dominates at room temperature and above.
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